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of predator dependence in species-rich food webs may be premature.
77
Here we introduce a new approach for characterizing and quantifying the functional 78 responses of generalist predators. By avoiding the logistical constraints imposed by a 79 generalist's many prey species, the approach may even be used in contexts involving an 80 arbitrary number of interacting predator species. We apply the approach in one set of non-81 manipulative field surveys and two manipulative field experiments involving two predatory 82 whelks of the Oregon rocky intertidal, Nucella ostrina and N. canaliculata. Our study of 83 these two predators exposed to their full suite of potential prey provides strong evidence 84 for weak intraspecific predator dependence in N. ostrina's functional response. In the 85 field, over both experimentally-extended and naturally-occurring ranges of predator and 86 prey abundances, this generalist predator is thereby shown to exhibit a functional response 87 that is closer to being prey dependent than ratio dependent. Our study further indicates 88 that N. ostrina's predator dependence is itself prey-specific, with variation in community 89 structure controlling even its qualitative nature. This implies that new functional response 90 models are needed to adequately describe predator-prey interactions in species-rich food 91 webs.
92

Methods
93
We first provide a brief description of the observational approach in order to build intuition 94 for its success. Further details are provided in the Supplementary Online Materials (SOM), 95 which also includes descriptions of the functional response models we evaluated in three 96 di↵erent contexts. These context (henceforth 'cases') were (i) a set of non-manipulative 97 field surveys, (ii) a caging experiment that manipulated predator densities, and (iii) a 98 larger-scale combination of field surveys and predator manipulations, each of which was 99 used to detect or elicit an in situ signal of predator dependence.
100
The observational approach 101 Novak & Wootton (2008) introduced a method for inferring the prey-specific per capita 102 attack rates of a generalist predator presumed to exhibit a prey-dependent multispecies 103 type II functional response. Their method is observational in that it uses only data on prey 104 abundances (N i ), handling times (h i ), and counts of the number of feeding (n i ) and non-105 feeding (n 0 ) individuals observed during a snapshot survey of a focal predator population. 106 Wolf et al. (2015) subsequently showed this method's analytical estimator for the attack 107 rate on the i th prey to be equivalent to
We provide a new and simpler derivation in the SOM.
which tends to 1 as a 1 , h 1 , or N 1 increase. The fraction of individuals observed to be feeding on a particular prey species during a snapshot survey will therefore increase the 115 higher the attack rate, the longer the handling time, or the more abundant the prey species 116 is (Fig. 1A) . to be feeding at any point in time (Fig. 1B) is described by a binomial likelihood with a 128 probability of 'success' equaling
Here jp reflects the per capita strength of the e↵ect of predator species p on the focal 130 predator j's feeding rate, and P p reflects its density. Note that predators can exhibit 131 facilitative e↵ects when < 0. Correspondingly, the fraction of feeding and non-feeding 132 individuals of a generalist predator population are described by a multinomial likelihood.
133
Fitting more complex models like the Beddington-DeAngelis model to estimate both 134 the attack rates and mutual predator e↵ects is not possible with only one feeding survey.
135
Rather, doing so requires replicate surveys that vary in predator densities. Specifically,
136
we require at least one more survey than the number of considered predator species. An 137 additional benefit of the statistical framework is that it permits us to evaluate the relative
138
performance of di↵erent models in describing empirical data using information theoretics
139
(e.g., AIC). Comparisons can thereby also be made to a simpler (non-functional) density-
140
independent 'null' model in which survey-to-survey variation in prey-specific feeding rates 141 is determined not by variation in prey or predator abundances but rather by di↵erences in 142 handling times associated with variation in predator and prey body sizes (see SOM). 
154
Whelk densities are typically highest in patches within the mussel bed where mussels enough not to be encroached by the surrounding mussel bed undergo a semi-deterministic The probability that an individual predator feeding with a type II or BeddingtonDeAngelis functional response will be observed in the process of feeding at any point in time (A) increases the higher its attack rate, the longer its handling time, and the more abundant its prey species is (eqn. 2), and (B) decreases with stronger intra-or interspecific interference among predator individuals (eqn. 3). Under the assumption that all individuals are independent and equivalent, this probability corresponds to the fraction of individuals that are expected to be observed feeding in a snapshot survey of the population. To quantify attack rates and predator dependence over the natural range of variation in 169 predator and prey densities, we first applied the observational approach to 10 naturally- 
234
Results
235
Variation in diet and species abundances
236
We observed Nucella ostrina feeding on 11 and 10 species, including itself, in the unmanip-237 ulated and manipulated patches, respectively. Only 5 of these species were observed being 238 fed upon in the cages, despite the presence of all potential prey and su cient sampling 239 e↵ort to detect them (Fig. S1 ). The total number of feeding observations per prey species (Fig. S2) . N. canaliculata's densities were consistently and considerably lower (Fig. S2) , 246 with only a 128 total feeding observations (14.2% of all examined individuals) being made 247 in the subset of patches in which they were present.
248
Patches represented early to late successional ages and thus varied considerably in 249 their prey abundances. In particular, the mean densities of Mytilus trossulus mussels and
250
Balanus glandula barnacles, representing Nucella ostrina's primary prey (both in terms of 251 diet frequency and subsequently estimated feeding rates), respectively varied between 3.8- prior to manipulation was broken by the manipulation of N. ostrina densities (Fig. S3) .
256
Patches consequently varied substantially both in the relative ratio of mussels to barnacles 257 and in the relative ratio of whelks to prey ( Fig. 2A,C) . In contrast, the experimental cages, one prey species, the burrowing mussel Adula californiensis, on which two whelks were 263 observed feeding in the unmanipulated patches, was excluded prior to analysis because it
264
was not detected in any abundance survey. The relative abundance of Nucella ostrina and its two primary prey species, Mytilus trossulus mussels and Balanus glandula acorn barnacles, as illustrated by their proportional densities in the (A) unmanipulated patches, (B) experimental cages, and (C) manipulated patches before and after the manipulation of N. ostrina's densities.
Model-performance and parameter estimates 266
The Beddington-DeAngelis functional response entailing only intraspecific predator depen-267 dence was unambiguously the best-performing model for the unmanipulated patches; its Table 1: Comparison by AICc of all functional response models applied to (A) the unmanipulated patches, (B) the caging experiment, and (C) the manipulated patches (for which asterisks indicate models with patch-specific parameters). Note that it was not possible to fit the Beddington-DeAngelis model including both intra-and inter-specific e↵ects to the cages or to the manipulated patches on a patch-specific basis. (Table 1B) . Nevertheless, in all three 274 cases the ratio-dependent and density-independent models performed substantially worse 275 than all other models.
Model
276
As estimated assuming the Beddington-DeAngelis model, Nucella ostrina's prey-specific 277 per capita attack rates varied by up to 3 orders-of-magnitude within each of the three cases 278 (Fig. 3A) . Attack rates varied over almost 5 orders-of-magnitude across the three cases of five prey species on which N. ostrina was observed feeding evidenced attack rates that 282 were 4 to 1004 times higher than in either set of patches. There was no rank-order corre-283 lation between the attack rates of the three cases (Table S10) , with a similar number of 284 prey evidencing attack rates that were relatively higher versus lower in one case compared 285 to another. In contrast, although Nucella ostrina's prey-specific feeding rates also varied 286 over 3 orders-of-magnitude, these were of similar magnitude and positively rank-correlated 287 across the three cases (Fig. 3B, Spearman's ⇢ 0.7, Table S10 ).
288
Per capita attack rate (Table S10 ). (B) Feeding rate estimates assume no functional response form and evidence positive rank-order correlations between all pairs of cases (Table S10) . Estimates for the manipulated patches are those of the non-patch-specific model. Prey name abbreviations: Bg -Balanus glandula, Mt -Mytilus trossulus; see Table  S1 for others.
Estimates for the per capita magnitude of intraspecific predator dependence in Nucella 289 ostrina were larger for the two sets of patches than for the cages (Fig. 4A ), consistent 290 with the poorer discrimination among models by AIC c for the cages (Table 1) . However, exhibiting considerably higher magnitudes than the other estimates (Fig. 4B) . relatively low variation seen in N. canaliculata's abundances (Fig. S2) ; the Beddington-
330
DeAngelis model including both inter-and intraspecific predator e↵ects did perform best 331 in the two sets of patches when model performance was evaluated by AIC rather than AIC c 332 (Table S11) . However, an implicit benefit of the observational framework is that its focus 333 on the fraction of feeding individuals makes it most sensitive to the e↵ects of predator 334 dependence at low predator densities, where a doubling of predator numbers has a larger 335 e↵ect on per individual feeding rates than it does at high predator densities (Fig. 1B) . in regards to further foraging opportunities, even when consumption itself does not occur.
383
Its frequency would typically be expected to increase with predator density irrespective of 384 prey identity, but this was not observed in our study (Fig. S5) . Extensive surveys at a 385 nearby study site nonetheless show that the shells of least 0.1% of the N. ostrina population 386 bear the mark of drilling events (MN, unpubl. data). In turn, the simultaneous feeding 387 by two individuals on the same prey item represents reduced energetic payo↵, which may 388 also be substantial for whelks given their long handling times. In contrast to conspecific 389 drilling, we observed simultaneous feeding almost exclusively when whelks fed on Mytilus 390 trossulus mussels, a likely consequence of the large surface area for drilling that a mussel 391 shell represents, the longer handling time of the average mussel relative to other species,
392
and the tendency of mussels to form clusters around whose accessible perimeters whelk 393 densities are often locally increased (see also Hossie & Murray, 2016).
394
Much less considered in the debate over functional responses is that predator density where a second barnacle species tended to be more common ( 
410
Further support is suggested by our patch-specific analysis of the manipulated patches, with 411 estimates tending to increase with the ratio of available mussels and barnacles (Fig. 4C) .
412
Future experiments manipulating community structure directly will be needed to determine 413 whether such prey-specific influences of community structure tend to be idiosyncratic or 414 conform to useful categorizations. 
